Purpose: To build and evaluate a small-footprint, lightweight, high-performance 3T MRI scanner for advanced brain imaging with image quality that is equal to or better than conventional whole-body clinical 3T MRI scanners, while achieving substantial reductions in installation costs.
| I NT ROD UCTI ON
Magnetic resonance imaging has proved to be an excellent imaging platform for improving our understanding of structural and functional connectivity in the brain as well as neuroanatomy. It has been proposed that MRI can potentially provide a better understanding of neurocognitive disorders, dementia, depression, traumatic brain injury, and stroke. The mainstay to image the brain has been 3T MRI. However, access to this imaging technology has been limited because of the costs of installation and the space needed to house a conventional whole-body 3T MRI scanner. Typical clinical 3T MRI scanners weigh between 5000 and 8000 kg, and require 1000 to 2000 liters of liquid helium. The weight of the scanner and also the need to adequately vent gaseous helium (in the event of a magnet quench) limits placement options for conventional MRI systems. They are typically housed at locations closer to an exterior wall or ceiling, and also on the ground floor (if additional floor reinforcement is not practical for higher floors). The 0.5-mT (i.e., 5 Gauss) fringe field line for whole-body 3T MRI scanners typically extends to a 50 to 60-m 2 footprint, making adequate space to house the scanner an important installation consideration, or requiring additional magnetic shielding. Whole-body MRI scanners have been limited to maximum gradient amplitudes (G max ) of between 50 and 80 mT/ m and maximum slew rates (SR max ) of no more than 200 T/ m/s. Because the inductance of the gradient coil scales is approximately r 5 , 1 where r is the radius of the gradient coil, increasing G max to greater than 80 mT/m requires substantially higher peak power (e.g., 8 MVA/axis to achieve 300 mT/m). 2 Increasing the gradient slew rate beyond 200 T/m/s in whole-body MRI systems is also not practical because of increased power requirements and the physiologic limits imposed by peripheral nerve stimulation (PNS). 3, 4 Previous reports of smaller-diameter, dedicated headgradient coils have shown that the PNS threshold is substantially above that of whole-body gradients, allowing the use of gradient slew rates in excess of 200 T/m/s. [5] [6] [7] However, other head gradient coils developed for imaging the brain have not seen routine use, due either to deficiencies in active shielding, poor spatial linearity over the required 22-cm to 24-cm imaging FOV for brain imaging, 5, [8] [9] [10] [11] [12] [13] [14] [15] gradient heating, or the additional concomitant fields produced by an asymmetric design. 16, 17 Regions of the brain such as the frontal lobe and the cerebellum could not be imaged without distortion as a result of poor spatial gradient linearity.
Recently, a 33-cm inner-diameter gradient insert capable of 200-mT/m gradient amplitude with good linearity over the brain was reported, focusing on the application of zero TE imaging. 7 The small gradient coil inner diameter severely limits the use of a homogeneous B 1 field transmit coil with a high-channel count ( 32 channels) receiver array.
In terms of gradient performance, a survey of previous work in head gradient coils yielded G max ranging between 16 mT/m and 90 mT/m, with slew rates up to 400 T/m/s. However, none of these combined high G max (> 50 mT/m) simultaneously with high SR max . A previous commercially offered head-only MRI system had a specification of 40 mT/m and 400 T/m/s. 15 A similar asymmetric gradient coil with an inner diameter of at least 40 cm or more was demonstrated at 7T with reported performance ranging from 50 to 80 mT/m and 333 to 700 T/m/s. [18] [19] [20] We attempt to address such limitations in whole-body MRI by developing a specialized, dedicated 3T MRI system (magnet and head-gradient) for imaging the brain and the extremities. The goal was to develop, design, and implement a compact 3T (C3T) scanner with significant weight and siting advantages, but also superior imaging performance over any standard clinical or research whole-body MRI system operating at 3 T. The 42-cm inner diameter gradient system described herein 21, 22 provides simultaneous high G max (80 mT/m) and high SR max (700 T/m/s).
| ME THO DS

| Magnet design
Previous work using Nb 3 Sn superconducting wire operating at 10 K demonstrated that a 3000-kg 0.5T magnet could be built and operated routinely without using cryogens. 23, 24 This earlier work, a conduction-cooled "double-doughnut" interventional 0.5T MRI system, established the proof-ofprinciple that a magnet could be maintained at superconducting temperatures using conduction cooling only (i.e., with a pair of Gifford-McMahon cryocoolers). However, Nb 3 Sn wire is substantially more expensive and difficult to work with compared to NbTi wire, making it less commercially viable and practical for a widely deployable MRI system. The objective of the current work was to increase the field to 3 T for a compact magnet to image the brain while using conventional NbTi superconducting wire at 4 K, using a cryogenic system that requires no liquid helium supply or venting. This solution facilitates increased flexibility for housing the C3T magnet. In addition, the target weight for the magnet design was approximately one-third of the weight of a conventional 5000-kg to 6000-kg whole-body 3T MRI scanner, enabling the magnet to be transported to upper floors using a standard freight elevator, and conventional forklifts rather than with specialized heavy-lift cranes.
To accommodate a head-sized gradient coil with good linearity over a 26-cm diameter spherical volume (DSV), the C3T magnet has a warm-bore inner diameter of 62 cm. The use of conventional superconducting NbTi wire facilitates operation at 4 K using a single 2-stage 1.5-W GiffordMcMahon cryocooler (Model RDK-415A3, Sumitomo Heavy Industries, Allentown, PA) to maintain the magnet coils at 4 K. This resulted in increasing the total stored energy by a factor of 3 as compared with the previous cryogen-free interventional 0.5T MRI system. 23, 24 The magnet uses a standard 8-coil design with 6 main coils and 2 shielding coils to contain the 5-Gauss line within a 4 3 6 m area ( Figure 1 ). The specifications of this magnet compared with a whole-body 3T MRI system can be found in Table 1A .
Central to the design is the use of conduction cooling with a helium gas-charged sealed system (that liquefies to less than 12 liters of liquid helium) to provide a stable 4 K operational temperature, with a 1 K margin to the critical temperature (T c ) of NbTi wire at the operating field. As a sealed cryogenic system is used, cryoventing is not required (such as the installation at the Mayo Clinic), unlike conventional liquid helium bath-cooled MRI systems. In the unlikely event of a catastrophic magnet failure, the vented helium gas would occupy a volume of 9.1 m 3 for the minimum room size of 24 m 2 , and the stratified helium gas would reach down 38 cm from the ceiling, well above the height of a 2-m-tall adult, therefore mitigating the risk of asphyxiation.
An important consideration of the magnet design is the transmission of the cold-head vibrations to the magnet coldmass. This can result in B o -field oscillations that adversely affect image quality. Two approaches were used to reduce the coupling of the cold-head vibration to magnet cold-mass. The first was the use of a side-mounted mechanical sleeve that dampens the vibrational modes that can be transmitted through the magnet coil support structure suspension. The second was the use of flexible copper braids that thermally linked the cold-head to the closed-loop recondenser, thus providing isolation of vibrations to the magnet cold-mass.
The effectiveness of these measures was validated in a testmagnet assembly in which high-speed stability tests were performed with temporal resolution of less than 1 Hz. The vibration decoupling design was validated in tests performed at 1 Hz and 0.5 Hz.
The magnetic field was mapped using a 24-probe magnetic field camera (MFC-3045, MetroLab Technology SA, Geneva, Switzerland), with the sensors mounted in a halfcircle at a radius of 18 cm. The field measurements were made every 10 azimuthally for 36 positions, covering a 36-cm DSV. Fitting to the spherical harmonics coefficients allows for the interpolation of the magnetic field at different DSVs within the 36-cm DSV of the measured field probe positions. Passive shims, using iron chips mounted in shim trays mounted on the inner diameter of the magnet with 54 angular and 46 longitudinal shim positions, were then used to bring the inhomogeneity below 2 ppm over a 26-cm spherical imaging volume. 
| Radiofrequency coils
| Gradient design
For a smaller-sized gradient coil, an asymmetric gradient design was necessary 25 for the transverse gradient axes (i.e., physical x and y) to allow for patient access. This moves the imaging FOV toward the patient end of the gradient coil assembly and ensures that for more than 95% of individuals, the glabella reached the gradient isocenter ( Figure 1 ). In addition, the asymmetric gradients were simultaneously force-balanced and torque-balanced to minimize interactions with the magnet. Because the gradients were targeted for use in advanced diffusion imaging as well as fMRI, minimization of eddy currents was also a requirement. The 42-cm gradient inner diameter achieves a maximal patient bore size while still allowing the gradient coil assembly to fit into the 62-cm warm bore of the C3T magnet with adequate clearance for mounting. The overall design resulted in a stepped bore profile, from 37-cm diameter at the patient's head to 42-cm diameter at the patient's shoulders (trapezius), and finally flaring to 60-cm diameter to accommodate the arms and shoulders.
The solenoidal z-gradient is a fully symmetric design to achieve a short coil length and to avoid an undesirable B 0 offset field (as in an asymmetric design). Hollow conductors used for all 3 gradient axes result in more efficient direct liquid cooling, enabling improved thermal management to handle the heat load for high duty-cycle operations. With this design, more than 25 kW can be removed, maintaining moderate operating temperatures and providing good thermal stability.
An added requirement was the ability to visualize structures inferior to the brain down to the cervical spine C2/C3 vertebral junction without significant distortion, as determined by visual assessment by radiologists. This requirement provides a visual indication for gradient linearity and uniformity in the critical regions of the brain (such as the frontal lobe and the cerebellum).
| System electronics and patient handling
The C3T MRI system uses standard system electronics of a clinical whole-body 3T MRI system (SIGNA MR750w, GE Healthcare, Waukesha, WI). A standard detachable SIGNA patient table was modified by removing all motorized components and adding a 3D-printed modular section to accommodate the different head and extremity coils. The advantage of using the electronics of a standard clinical system is that the operation of the MRI scanner is essentially unchanged, allowing technologists to seamlessly transition from a clinical scanner to this specialized research scanner.
| Human subjects studies
All studies conducted on human subjects were carried out in accordance with institutional review board-approved protocols. These studies included assessments in patients to evaluate image quality and image artifacts, and comparison scans with a standard clinical whole-body 3T MRI system (GE SIGNA MR750). A total of 96 patients (52 female, 44 male) were studied under internal review board-approved protocols to compare imaging on the C3T MR scanner with a clinical 3T whole-body MR scanner. For the whole-body MR scanner, standard clinical protocols were used. The protocols for the C3T scanner were optimized to take full advantage of the higher G max and SR max .
One comparison study is reported here. Sagittal T 2 -weighted 3D fluid-attenuated inversion recovery (FLAIR) of the brain was evaluated in 16 patients. Acquisition parameters were: 8-channel brain coil (for all studies); 256 3 256 acquisition matrix; 152 slice partitions with 1.2-mm slice thickness; TR 5 7600 ms; echo train length 5 200; R 5 2 parallel acceleration. System-specific parameters were: TE 5 93 ms, TI 5 2025 ms, with 4824-ls echo spacing on the whole-body 3 T. On the C3T scanner, TE 5 91.3 ms, TI 5 2060 ms, with 3544-ls echo spacing. The different parameters on the C3T scanner were the result of the difference in gradient performance, in which the echo spacing was reduced by more than 1.1 ms (23% reduction). This protocol is part of the routine clinical protocol at our institution. The images were assessed independently by 2 experienced neuroradiologists and scored on a 5-point scale (22, 21, 0, 1 1, 1 2), with 1 2 indicating a preference for images from the C3T system, and 22 indicating a preference for images from the whole-body system. Scores of [21, 0, 1 1) were considered as equivocal or having a slight preference. Statistical significance was determined using a right-sided Wilcoxon signed-rank test. 26 For musculoskeletal studies of the knees, ankle/feet, and wrists, either a standard 16-channel GEM Flex coil (Neocoil, Pewaukee, WI) or a 10-cm-diameter transmit-receive birdcage coil (Medspira, Minneapolis, MN), respectively, was used. With modular custom coil-holders, the same patient table accommodates the head, scans of the knees with the patient entering the magnet feet-first, or the wrist with the patient either prone or decubitus, whichever is more comfortable. For scans of the knee, the subjects were able to fit both knees in the 37-cm patient bore with the 16-channel Flex coil.
Ramp sampling was implemented in all EPI acquisitions. In addition, a standard partial Fourier fraction of 0.75 was used for both the gradient-echo EPI and the spin-echo (diffusion) EPI acquisitions. With body-PNS limits, the target EPI readout plateau time to the total readout time (including the ramp sampling time) was set to 0.68. With the higher head-PNS limits, this ratio was set to 0.90, increasing the readout gradient amplitude. Hence, even if the echo-spacing time is halved, the gradient amplitude (and the readout bandwidth) is not necessarily doubled, as it is a function of the ramp fraction of the readout.
| RES U LTS
| Magnet
The magnet was shipped cold using a standard 16.15-m (53-foot) semitrailer in 2-days. Because of its relative light weight (2.1-t magnet and gradient assembly), it was loaded and unloaded using commercially available forklifts ( Figure  2A,B) . The fully installed system is shown in Figure 2C . Immediately after initial installation, the magnet cryocooler was energized and the magnet cooled from 55 K to 4.15 K within 6 days ( Figure 3) . A limitation of this design is the longer cool-down time in the event the magnet warms to a higher temperature (e.g., during longer transportation time without power to the cryocooler).
The magnet was successfully ramped to field at 3 T with a current of less than 300 A using approximately 35 km of NbTi wire. After 24 hours, the magnet stability was measured as less than 0.01 ppm/hour (field drift), which was well within the 0.04 ppm/hour specified by standard acceptance criteria. 27 For this prototype magnet, the field homogeneity over a 26-cm DSV was measured at 1.68 ppm (peak-to-peak) or 0.18 (RMS) variation (V RMS )), as shown in Figure 4 . The homogeneity over a 24-cm DSV was 0.54 ppm (peak-topeak) or 0.07 ppm (V RMS ). Furthermore, the resultant magnetic field homogeneity provided good fat suppression over a 24-cm image FOV ( Figure 5) , consistent with the postshimmed magnetic field camera plots (Figure 4) . The magnet stray field plot ( Figure 6 ) showed that the 5-Gauss field line was well contained within a 6 3 4 m area, which is much smaller than that for typical 3T MRI systems (10 3 6 m) . Consequently, the fall-off in the static magnetic field is much steeper than that encountered in whole-body MRI magnets. Static field gradient measurements 28 indicated that there were several hot spots (areas of high static field gradients) in the fringe field and within the magnet bore that were greater than the 7.2 T/m, but these were comparable to those found in whole-body 3T MRI scanners. Quench cycle tests were also conducted on the C3T magnet by allowing the magnet temperature to rise above 5.5 K by powering off the cryocooler. Unlike conventional helium bath-cooled magnets, no gaseous helium was released from this sealed system. Hence, there was no need for a specialized helium vent stack in the magnet scan room. To recover temperature and to ramp the magnet back up to field, the cryocooler was restarted to begin the cool-down cycle to 4 K and ramped to field. This recovery is in contrast to that in conventional helium bath magnets in which approximately 1000 to 2000 liters of liquid helium are required to recool and refill the magnet to operating levels.
| Gradient
Systems assessments of gradient linearity, PNS, and acoustic sound pressure levels were performed and the results were reported previously. [29] [30] [31] To summarize, the results indicated F IGUR E 2 Loading (A) and unloading (B) of the C3T MRI scanner for transport using standard commercial 53-foot semitrailers and standard forklifts. C, Completed and installed C3T MRI system at the Mayo Clinic, showing the detachable/dockable table and the 32-channel NOVA head coil mounted on the custom head-holder. Note the absence of a cryovent FI GU RE 3 Magnet cool-down profile. Within 6 days after installation of the C3T MRI system, the magnet coil temperature reached 4.15 K, which was sufficient to ramp the magnet to field that the 10th-order spherical harmonic correction with both even and odd terms resulted in a residual RMS error of less than 0.36 mm. 30 As assessed from the clinical images, image blurring over the imaging FOV was not an issue in the postdistortion-corrected images, even with the less than 17% gradient nonlinearity over the 26-cm FOV. Supporting Information Figure S1 shows the images in a grid phantom before and after correction. The gradient nonlinearity could be an issue in quantitative diffusion, as b-value would vary spatially. However, there are validated approaches to correct for this. 32 Extensive characterization of PNS was previously described by Lee et al., 31 indicating a PNS threshold substantially higher than that for whole-body gradients. Wrap or cusp-artifact 33 (sometimes also called "annefact") (i.e., signal aliasing from excited tissue outside of the linear region of the gradient coil) has not been observed with the C3T scanner. However, when the gradient was initially unit-tested as an insert gradient in a whole-body 3T scanner, the cusp-artifact was observed in some acquisitions, but was localized to the region below the cerebellum. The cuspartifact is not an issue on the integrated C3T system because of the rapid drop-off in the B 0 field. 28 Hence, regions outside of the linear region of the gradient coil excited by the transmit-receive RF coil resonates at frequencies far outside the receiver bandwidth.
At the maximum available current and voltage of the 1-MVA driver, 85 mT/m at 770 T/m/s was achieved. This was reduced to 80 mT/m at 700 T/m/s for scanner operation. Continuous operation (100% duty cycle) was demonstrated at an RMS gradient amplitude of 40 mT/m (Table 1B) . As a result of the direct cooling of the gradients, high duty cycle and high gradient amplitude tests resulted in measured gradient temperatures maintained at less than 758C (peak temperature). With a standard SIGNA DV system, the cooling cabinet supplied 31 liters/minute of coolant flow with an inlet temperature of 188C. As shown in Figure 7 , the maximum nominal operational point (80 and 700 T/m/s) for the C3T MRI scanner is just above the PNS threshold for head gradients. With a higher PNS threshold, the C3T system achieved a minimum TE of 85 ms ( Figure 7A ) without parallel imaging (R 5 1) for a b 5 2000 s/mm 2 diffusion EPI pulse sequence. If parallel acceleration methods were used, the TE times for the C3T head-gradient could be reduced to 60 ms (R 5 2), and 52 ms (R 5 3) at the cost of decreased image SNR by factors of 1/ gͱR, where g is the spatially dependent coil geometry factor (g 1) and R is the acceleration factor. The use of high acceleration factors in-plane could also reduce image distortion and improve slice efficiency by shortening the readout echo train. However, our analysis suggests that it is more beneficial to shorten the EPI readout by increasing readout gradient amplitude, thereby increasing readout bandwidth and decreasing image SNR, by taking advantage of the higher slew rate and higher head PNS limit of the C3T scanner. This is because the latter allows for echo spacing to be shortened by approximately 2, without requiring the readout amplitude to be increased by 2. Furthermore, it is more beneficial to use through-plane simultaneous multislice acceleration 34 than in-plane parallel imaging, as the former has no sampling-related SNR loss. The advantages of the increased slew rate affects both the diffusion-encoding gradient and the EPI readout. For the diffusion-encoding pulse, a high gradient amplitude is important for reducing the diffusion pulse width, whereas the shorter echo spacing (ESP) at a higher gradient slew rate results in shorter time between the end of the diffusionencoding lobe and the acquisition of the center of k-space lines. 35 Together, the higher gradient performance and higher PNS threshold result in reduced minimum TE times compared with whole-body MR scanners. The effect of the higher PNS threshold on the echo spacing in an EPI acquisition is clearly shown in Figure 7B for a representative 24-cm FOV, 1.5-mm in-plane resolution scan. Assuming the same readout bandwidth, whole-body gradient systems can achieve echo spacing of approximately 864 ls, whereas C3T achieves a 724-ls ESP. The higher PNS of the C3T allows use of higher receiver bandwidth. For instance, an increase in receiver bandwidth by approximately 34% results in further decrease in echo spacing at the cost of a 16% SNR decrease, which is preferable to incurring an additional g-factor penalty in SNR if in-plane parallel imaging had been used. This is highly beneficial for minimizing geometric distortion, obtaining lower TE, and consequently results in fewer signal dropouts that plague typical EPI acquisitions. 36, 37 In previous work, 38 improvements by 19% in signal intensity had been observed in regions susceptible to signal dropout, in which reductions in echo spacing (and image distortion) of up to 48% were also reported. Supporting Information Figure S2 shows the comparison between a gradient-echo EPI acquisition with the C3T system and a whole-body 3T scanner at the same TE time, in which the reduced distortion and signal dropout resulting from the high gradient slew rate is clearly seen.
As previously reported, [39] [40] [41] additional corrections were implemented for the C3T system for concomitant gradients effects caused by higher G max and the asymmetric gradient design. 17 These corrections used gradient pre-emphasis 40 and frequency tracking 39, 41 in real-time, without the need for additional pulse-sequence programming.
F IGUR E 7 A, Iso-contour curves of minimum TE times for a diffusion-weighted EPI pulse sequence (with b 5 2000 s/mm 2 ; 24-cm FOV; 1.5-mm in-plane resolution; R 5 1; partial Fourier fraction of 75%) at a fixed receiver bandwidth, and ramp sampling enabled. B, Iso-contours of the EPI readout echo spacing for the same acquisition. Overlaid are the peripheral nerve stimulation (PNS) thresholds for bipolar pulses for the head-only C3T gradients (solid line) and whole-body gradients (dashed line). The circles indicate gradient specification for current clinical and research whole-body MR scanners, whereas the square indicates the performance of the C3T MRI In an assessment of 96 subjects, more than 99% of the images met or exceeded the gradient imaging specification of being able to visualize at least to the C2/C3 junction. The one subject in whom the C2/C3 junction was not visualized was severely kyphotic and could not be properly positioned in the RF head coil. Figure 8A shows a high spatial resolution (0.7-mm isotropic) 3D MPRAGE sagittal image that illustrates the spatial coverage in a 23-cm FOV with minimal distortion down to the C3/C4 junction. As a result of the shorter RF transmit coil, inflowing blood is less saturated in the C3T. Consequently, the carotid and the middle cerebral arteries are visualized in a maximum intensity projection of the 3D MP-RAGE volume acquired on the C3T (Figure 8B ).
The carotid bifurcation was visualized in approximately 25% of the subjects studied and constituted an additional unexpected benefit for some patients.
The short length of the transmit RF coil also results in a smaller exposed body mass to RF, reducing the overall specific absorption rate for the C3T scanner compared with whole-body MR scanners. Preliminary measurements indicated that the specific absorption rate for the C3T was approximately 20% less than that on whole-body MR scanners. 42 The lower specific absorption rate achieved with the C3T scanner has distinct advantages, as a higher number of slices per TR can be realized, allowing a substantial reduction in scan time in certain circumstances.
| Clinical studies
All patients tolerated the scans well; there were no reports of discomfort or claustrophobia. For patients undergoing brain exams, only the upper torso above the upper forearm is in the magnet bore, reducing perception of a confined space (Supporting Information Figure S3) . A further 105 patients (59 female, 56 male) were scanned on other internal review boardapproved protocols, unrelated to the primary objective of comparing clinical protocols between the C3T scanner and a clinical whole-body 3T MR scanner. As such, over 200 patients and healthy volunteers were successfully studied with the C3T scanner over a 16-month period, with acquired images of the brain assessed to have good-to-excellent image quality (SNR and sharpness), as observed qualitatively (Figures 4-8, and 9 ). Reductions in minimum pulse-sequence TE, ESP, pulsesequence TR, or an increased number of slices acquired per TR (slice efficiency) were realized while retaining the same clinically relevant diagnostic information in the images. For a 2D fast-recovery fast spin-echo (FSE)/turbo spin-echo scan with TR 5 3385 ms, 24-cm FOV, 3-mm-thick slices, 320 3 320 acquisition matrix, and 2 signal averages (number of excitations), the C3T system was able to complete a 50-slice scan in 3 minutes and 24 seconds, compared with 5 minutes and 5 seconds in a whole-body 3T clinical scanner. For a DTI sequence with a b-value of 5000 s/mm 2 , 23-cm FOV, 2-mm-thick sections, a 116 3 116 acquisition matrix, and TR 5 5800 ms, a minimum TE of 67 ms was achieved with a maximum of 72 slices per TR. This compared to a minimum TE of 110 ms and 52 slices per TR achieved with a whole-body 3T scanner, representing a 2.4-fold increase in diffusion image signal-to-noise ratio.
For the 3D FLAIR comparison study, the image SNR, lesion conspicuity, and gray-white matter contrast were rated as better on the C3T system (p value < .01). Images from the C3T system were not significantly different from wholebody 3T images with respect to motion artifacts and conspicuity of the cerebellar folia ( Figure 9A ). Overall image quality was deemed better on the C3T system (p value < .01). There are minimal susceptibility artifacts at the interface of the brain and paranasal sinuses. B, Maximum intensity projection of the 3D MPRAGE acquisition showing high signal within the internal and external carotid arteries, and the proximal vertebral arteries. This bright blood extends more superiorly in the C3T MPRAGE images, as the inversion-recovery pulse does not extend into the lower neck and body as it would with conventional whole-body coil excitation
Considering the different aspects of image quality assessment, images from the C3T system were either equivalent to or better than that of whole-body 3T scanners. One reason for the image-quality improvement is the reduction in the FSE echo spacing by more than 1.1 ms or 23% compared with whole-body systems. As such, there is reduced T 2 decay and blurring across all echoes in the long (echo train length-5 200) FSE readout window (reduced with C3T system from 971 to 709 ms), allowing for shorter TE, improved image sharpness and lesion conspicuity ( Figure 9B ). The higher slew rate could conversely be used to reduce the overall scan time by keeping the duration of FSE readout window constant, and to increase the echo train length. Musculoskeletal imaging with the compact 3T scanner also showed promise. The images have good image SNR, and the shorter echo spacing resulted in sharper images compared with whole-body scanners (Supporting Information Figure  S4 ). In this example, the high slew rate of the C3T scanner reduced the overall data acquisition (echo train length 3 echo spacing) time by 3.4 ms. Even with this small difference in overall data acquisition time, the structures in images acquired using the C3T scanner appeared to be more conspicuous. Further investigation is warranted to explore the reasons behind the observed results. Initial comparison studies have indicated statistically better image quality in the compact 3T scanner compared with a clinical whole-body 3T scanner. 43 
| DI S CU S S IO N
Since March 2016, the scanner has been in continuous operation. The asymmetric high-performance gradient that was F IGUR E 9 A, Results of the right-side Wilcoxon signed-rank test from the assessment of 3D CUBE T 2 -weighted FLAIR image quality by 2 blinded neuroradiologists. B, Comparison images in a patient with mild cognitive impairment showing white-matter lesions (arrows). Improved SNR and lesion conspicuity with the C3T system is evident from the shorter echo spacing, resulting in reduced T 2 blurring of the fast spin-echo echo train and overall improvement in image sharpness. The 8-channel brain coil was used in all instances with the following parameters: TR 5 7600 ms; 256 3 256 acquisition matrix in a 24-cm FOV; 152 1.2-mm partitions (0.94 3 0.94 3 1.2 mm voxels); TE/TI 5 93.0/2025 ms for the whole-body system and 91.3/2060 ms for the C3T system; echo-train length 5 200; in-plane acceleration R 5 2. The echo spacing for the whole-body system was 4824 ls, and 3544 ls for the C3T scanner specifically designed for this magnet platform demonstrated clear advantages, namely, the ability to fully use a high slew rate (3.5 times that available with whole-body gradients) simultaneously on all 3 axes with a gradient amplitude of 80 mT/m with little or no PNS. 31 This allowed a substantial reduction in spatial distortion, 38 and reduced image blurring and signal dropouts in EPI, FSE, and in magnetizationprepared fast gradient-echo pulse sequences. The clear reduction in EPI echo spacing provides the flexibility to omit an in-plane parallel imaging acceleration factor of 2, which is typically needed for reducing image distortion. This results in an increase in SNR, the level of increase depending on the change in bandwidth and the receiver coil g-factor. We speculate that at the same TE times, the reduction in signal dropout (Supporting Information Figure S2 ) is caused by the irreversible dephasing from magnetic susceptibility throughout the entire EPI echo train. Reducing the echo spacing reduces the echo train time and may contribute to a reduction in signal dropout. Further investigation of this observation is warranted.
The gradient design successfully addressed the challenges of torque and force balancing, as well as controlling eddy currents in an asymmetric design. This was the key technology development to achieve such high performance with a low peak power. Although the asymmetric gradient coil was designed to operate in a smaller-bore, lightweight 3T magnet, it is also able to operate as an insert gradient, similar to the asymmetric gradient design of Weiger et al. 7 Both approaches use smaller-diameter gradients to achieve high slew rates and high gradient amplitudes with less than 720 A and less than 1500 V. Such designs enable imaging of both the brain and the extremities (knees, feet, and wrists) with good linearity, and force and torque balancing. As it is understood and accepted that whole-body gradients have reached a practical limit for power, maximum gradient amplitude, and maximum slew rate, specialized gradient coils, such as those described here and elsewhere, 7, 22, 31 provide a path to achieving higher G max and SR max for studying the human cerebral cortex at the mesoscale. Feinberg et al recently suggested that the combination of high G max and SR max (80-160 and 400-600 T/m/s) is essential to achieving the optimal TE times for fMRI at 7 T at spatial resolution better than 0.4 mm. 44 The faster slew rates allow for shorter minimum TE times for high spatial resolution EPI. For fMRI, this means that multi-echo fMRI approaches could be better explored, 45 such that a shorter first-echo TE time can be achieved, in addition to an echo acquired at the optimal TE time at 3 T (40 ms). The compact 3T platform demonstrated substantial improvements in imaging performance for specialized applications for brain and musculoskeletal (e.g., wrists, knees, feet) exams in a small footprint compared with conventional whole-body clinical MRI systems. The ability to install this compact system on upper floors or interior rooms, where cryoventing is especially challenging, will improve accessibility to high-quality diagnostic MRI studies of the brain, musculoskeletal regions, and for pediatrics-all in an attractive package for space and installation costs.
